Objectives The aim of this study is to evaluate the adhesion between PEEK and two self-adhesive resin cements after plasma treatment. Methods Eight hundred sixty-four polyetheretherketone (PEEK) disks were cut and polished to silicon carbide (SIC) P4000. One half of the specimens were randomly selected and pretreated with plasma, whereas the remaining 432 specimens remained untreated. Subsequently, specimens were randomly allocated to four groups (n=108/group): Visio.link (Bredent), Signum PEEK Bond (Heraeus Kulzer), Ambarino P60 (Creamed), and a control group without additional treatment. Half of the specimens of each group (n=54) were then cemented with either RelyX Unicem Automix 2 (3 M ESPE) or with Clearfil SA (Kuraray). All specimens were stored in water for 24 h (37°C). Afterwards, specimens were divided into three groups (n=18) for different aging levels: (1) no aging (baseline measurement), (2) thermal aging for 5,000 cycles (5/55°C), and (3) thermal aging for 10,000 cycles (5/55°C). Thereafter, shear bond strengths (SBS) were measured, and failure types (adhesive, mixed, and cohesive) were assessed. Data were analyzed using descriptive statistics, four-and oneway ANOVA followed by a post hoc Scheffé test (p<0.05).
Introduction
Polyetheretherketone (PEEK) has been used in prosthetic dentistry as provisional abutment, implant, implant supported bar, or clamp material in the field of removable dental prostheses [1] [2] [3] [4] . It is a high-temperature semi crystalline thermoplastic polymer from the group of polyaryletherketone consisting of an aromatic backbone molecular chain, interconnected by ketone and ether functional groups [5] with the density of 1.3-1.5 g/cm 3 . Its favorable biocompatible and mechanical properties [5, 6] , as well as a high melting point (about 343°C), good dimensional stability at high temperatures, and chemical stability to nearly all-organic and inorganic chemicals makes it an interesting material for metal-free prosthodontics. One major drawback of PEEK is the grayish and opaque color and the requirement of veneering composites to achieve acceptable esthetics.
However, to achieve adequate bond strength between PEEK and resin composite materials are difficult due to its low surface energy and resistance to surface modification by different chemical treatments [7, 8] . Currently, industry bonds elastomers to PEEK classically by conventional abrasive treatment, acid etching, and plasma or laser techniques to prepare the engineering plastics surface followed by the application of epoxy adhesives. Knowledge concerning the potential and limitations of this material in adhesion to resin composites in the field of dentistry is still scarce. A first study on this topic assessed the bonding potential of self-adhesive resin cement (RelyX Unicem) and an adhesive/composite system (Heliobond/Tetric) to differently pretreated PEEK surfaces. It was shown that bonding to PEEK was possible when using a bonding system on an etched surface using sulfuric acid [9] . Another study also indicated that bonding to PEEK can be achieved with composite resin in combination with an adhesive (Heliobond or Clearfil Ceramic Primer) when a selfadhesive resin cement was used [10] . However, etched PEEK surfaces using sulfuric acid resulted in increased initial bond strengths up to 21.4 MPa [10] . Both available studies used no artificial aging like thermocycling to challenge the bonding performance of dental resins to PEEK [9, 10] . In additionfrom a clinical perspective-the use of sulfuric acid etching for chair-side PEEK abutment modification seems hazardous and should rather be avoided. Therefore, it remains unknown whether bonding to PEEK withstands the hydrolytic effects due to water absorption, which is known to dramatically reduce resin-bonding capacity to oxide ceramics [11] [12] [13] [14] . An adequate long-term bonding durability would be a prerequisite for intraoral usage of bonded PEEK restorations. Therefore, further studies are still required and other means of simple and safe surface (pre-) treatment modalities are still desirable. Among the latter, plasma surface treatment might be a promising approach. It represents a process that raises the surface energy of different materials, which can lead to improved bonding characteristics. The physical definition of "plasma" is an ionized gas with an essentially equal density of positive and negative charges. An alternating electrical field at radio or microwave frequencies to electrodes can apply these changes. These excited molecules will decay and excite other species, which leads to an interaction with the surface in a dry chemical way, thereby forming a new surface layer. Typical gases used for treatment of polymers are air, oxygen, nitrogen, helium, argon, and ammonia. The plasma can exist over an extremely wide range of temperature and pressure [15] .
This in vitro study investigated the bond strength after plasma treatment and different adhesive material applications to two resin cements after different aging levels. The null hypothesis was that plasma application would not improve the bond strength to resin cements.
Materials and methods

Specimen's preparation
In this study, a material was used (Dentokeep PEEK Disc, nt-trading, Karlsruhe, Germany, Lot. no. 11DK18001), which represented a ceramic filled (20 %) polyether ether ketone (Fig. 1 ). Blanks were sectioned to the geometry of 5×5 mm and a thickness of 2 mm with a low speed diamond saw (Well 3032-4, Well Diamantdrahtsägen, Mannheim, Germany). The resulting 864 specimens were embedded in an acrylic resin (ScandiQuick, ScanDia, Hagen, Germany) and then polished first to SIC P400 and then to P4000 with an automatic polishing device (Tegramin-20, Struers, Ballerup, Denmark) for 60 s under watercooling. Subsequently, all specimens were ultrasonically cleaned (Sonorex RK102H, Bandelin electronic Berlin, Germany) in distilled water for 5 min and then airdried. Four hundred thirty-two specimens were left untreated, whereas the remaining 432 specimens were pretreated with cold active inert gas plasma for 20 s at a pressure of 200 kPa from a distance of 10 mm (Piezzobrush, Reinhausen Plasma, Regensburg, Germany). All plasma treatments were performed directly before the luting of specimens.
The specimens were then randomly divided into the following groups (n=108/group; One half of each group (n=54) was luted with the selfadhesive resin cement RelyX Unicem Automix 2 (3 M ESPE, Seefeld, Germany, Lot. no. 475760) and the other half (n=54) with Clearfil SA (Kuraray Medical Inc, Sakazu, Kurashiki, Okayama, Japan, Lot. no. 033BBA). Specimens were secured in a special holding device as described in detail in a previous study [9] . In short, the resin cements were placed in an acrylic mold (inner diameter, 2.9 mm; D+R Tec, Birmensdorf, Switzerland) with a resin thickness of 1.5 mm and polymerized according to the manufacturer's instruction. Subsequently, all luted specimens were stored in water for 24 h at 37°C and then randomly allocated to three subgroups with respect to different aging levels (n = 18). One group was tested immediately after the 24 h of water storage, both other groups were thermally cycled for 5,000 or 10,000 cycles, respectively. Thermocycling was performed between 5 and 55°C (dwell time, 20 s) in an automated thermocycling machine (SD Mechatronik, FeldkirchenWesterham, Germany).
Shear bond strength (SBS)
After thermocycling, SBS was tested in an Universal Testing Machine (Zwick 1445, Zwick, Ulm, Germany) at a crosshead speed of 1 mm/min. Specimens were positioned in the jig of the testing machine with the PEEK surface parallel to the loading direction. The bond strength was calculated with the following formula: Force to failure/Bonding area (MPa=N/mm 2 ).
Failure types analyses
Three failure types were defined and determined as follows: (a) adhesive (no resin cement remnants left on the PEEK surface), (b) mixed (resin cements remnants partially left on PEEK with PEEK surface exposed), and (c) cohesive failure in PEEK. All failure types were evaluated by one calibrated examiner, who was unaware of the group allocation and treatment, under an optical microscope (Axioskop 2 MAT, Karl Zeiss Mikroskopie, Göttingen, Germany).
Scanning electron microscope (SEM) analyses
Two additional PEEK specimens were polished up to 1 μm with a diamond suspension (Struers, Ballerup, Denmark) and then ultrasonically cleaned in isopropanol. One of the specimens was plasma treated as described above. The untreated surface was protected from the plasma effect with an adhesive foil, which was later removed for SEM analysis. The specimens were then gold sputtered, and surface topography was evaluated under a SEM (Carl Zeiss Supra 55 VP Gemini, Carl Zeiss, Oberkochen, Germany) operating at 10 kV with a working distance of 5.0-6.0 mm.
Statistical analyses
Power analysis was calculated using nQuery Advisior (Version 6.0, Statistical Solutions, Saugaus Mass) prior to performing this study. A Pilot study for resin cement RelyX Unicem to PEEK was used [9] . A sample size of 18 in each group will behave 95 % power to detect the decrease by 25 % of the mean (4.75 MPa) caused by aging, assuming that the common standard deviation is 3.8 MPa using two group t test with 0.05 two-sided significance level.
For statistical data analysis of results obtained in this study, descriptive statistics such as mean, standard deviation, and 95 % confidence intervals (95 % CI) were calculated. Normality of data distribution was tested using Kolmogorov-Smirnov and Shapiro-Wilk tests. Four-way ANOVA with respect to plasma treatment, adhesives, resin cements, and aging level and one-way ANOVA regarding the adhesives followed by the Scheffé post hoc test was used to determine significant differences between groups for each aging level separately. Relative frequencies of failure types together with the corresponding 95 % CI estimated according to the Ciba-Geigy tables were provided. P values smaller than 5 % were considered to be statistically significant in all tests. These data were analyzed using SPSS version 20 (SPSS INC, Chicago, IL, USA). Table 2 presents the descriptive statistics for shear bond strength values and the results of one-way ANOVA with Scheffé post hoc test for each aging level separately.
Results
The four-way ANOVA showed that plasma treatment (p= 0.688) and the choice of resin cement (p=0.353) had no impact (Table 3) . In contrast, the use of adhesive (p<0.001) and the aging level (p<0.001) significantly affected the SBS. In general, plasma application without pretreatment showed no bonding to PEEK with both tested self-adhesive resin cements regardless of the aging level. The use of Visio.link and Signum PEEK Bond on surfaces treated with and without plasma showed significantly higher SBS values (8.3-15.6 MPa) regardless of aging level. In contrast, the use of Ambarino P60 revealed no bond. Visio.link showed lower initial SBS values with plasma treatment combined with both resin cements and SBS after 5,000 thermal cycles with RelyX Unicem Automix 2 than Signum PEEK Bond. No significant impact on SBS between Visio.link and Signum PEEK Bond was observed in all other groups (p=0.062-0.572).
Plasma treated groups combined with Signum PEEK Bond showed significantly lower SBS values after 10,000 thermal cycles, regardless of the used resin cement.
No cohesive failures were found when the failure types were analyzed (Table 4) . Groups without plasma application combined with Visio.link or Signum PEEK Bond showed predominantly mixed failures. Control groups, plasma treated, or treated using Ambarino P60 groups fractured predominantly adhesively in all groups.
The SEM evaluation showed-despite polishing-some irregular surface characteristics (Fig. 1) . Regularly distributed filler fragments were visible at the surface, and the PEEK displayed a fissure-like appearance. At higher magnification, plasma application seemed to lead to an accentuated cleft-like matrix formation (Fig. 2) .
Discussion
The effective bonding to PEEK is a prerequisite for its use in dentistry as a prosthetic material. This study evaluated the bond strength of PEEK to two self-adhesive resin cements after plasma application and different primer/adhesive methods after different aging levels. It was shown that neither plasma treatment alone, nor its combination with an adhesive or primer, could establish a significant improvement regarding the shear bond strength. Therefore, the null hypothesis was accepted.
The idea of using a plasma processing technique in order to modify PEEK surfaces has been shown to be a reasonable approach in biomaterials used in trauma, orthopedic, and spinal implants [5] . It seems to improve biocompatibility in terms of respective cell to substrate interactions [16, 17] . Regarding bonding to materials, plasma application might have different effects due to the fact that PEEK represents mainly an organic thermoplastic polymer material with highly cross-linked structures but a lack of sufficient functional groups being able to react with methacrylate, which are present in most dental composite resin materials. Therefore a limited chemical bonding between these substrates can be expected. However, with plasma treatment, the surfaces of some polymers can be improved in terms of hydrophilicity by forming oxygen-containing functional groups, such as C=O and -OH [18] . Thereby, the composition of the plasma gas should preferably match the chemical structure of the polymer in order to improve the latter's adhesive properties [19] . As for plasma treatment on PEEK in the field of prosthetic dentistry again, data is scarce, and recommendations regarding the accurate selection of plasma devices are missing. Using epoxy resins, oxygen as process gas on PEEK may lead to maximum lap shear strength of 34 MPa [20] . Interestingly, the use of air as process gas has been reported to result in slightly lower bond strengths as compared to other process gases [21] . Different resin materials and test conditions might explain these differences. In this study, a cold gas plasma treatment was applied using helium gas. A study by Yavirach and co-workers evaluated the effects of different plasma treatments on the adhesion between fiber-reinforced posts and a composite core buildup material using tensile bond strength tests. The analysis revealed that the type of post, type of plasma treatment, and their interaction significantly influenced the results (p<0.05). The study has shown that plasma treatment appeared to increase the tensile-shear bond strength between post and composite. The study used a composite core-buildup material based on dimethacrylate and inorganic fillers (MultiCore Flow). The present study used highly polished PEEK specimens to minimize the micromechanical interference and to focus rather on chemical interactions. Therefore, it was not surprising that no bond could be established on untreated smooth samples using both resin cements without previous application of any adhesive system. However, some surface alterations were observed, which could have led to better penetration of the resin materials in the accentuated gaps forming on the surface after plasma application. But neither the chemical nor these eventually occurring roughening effects of plasma treatment lead to a bonding between the tested materials. This was confirmed in a previous study, which showed that the same self-adhesive cement (RelyX Unicem) was not able to bond to PEEK surfaces even when roughened and sandblasted, except for specimens etched with sulfuric acid, which resulted in slightly higher values as compared to the present study (19.0+/−3.4 MPa). However, no thermocycling was performed in the latter study. Shear bond strength to titanium in the latter study was even lower (8.7+/−2.8 MPa, p<0.05), but interestingly, this study showed that an application of an adhesive/composite system (Heliobond/Tetric) enabled bonding to PEEK ranging from 11.5+/−3.2 MPa (silica coating) to 18.2+/−5.4 MPa (acid etched) without statistically significant differences (p>0.05). Again, no bond was obtained on the polished surface. On the other hand, the bond strength cemented with RelyX Unicem to other dental framework materials such as base metal (14.3 MPa), zirconia (16.6 MPa), or lithium disilicate glass-ceramic (12 MPa) are in the same range of values compared to PEEK combined with Visio.link or Signum PEEK Bond [22] .
In this study, the choice of the tested adhesives was based on recommendations of the PEEK manufacturer according to the user's manual, who suggested the use of Visio.link or Ambarino P60 to create sufficient bond strength between PEEK surface and different veneering resin cements. Due to a lack of scientific validation, this study tested whether this statement really applies to self-adhesive resin cements too.
Signum PEEK Bond is an experimental adhesive for bond to PEEK and has therefore been included in this study.
In the present study, we were now able to show that the application of an adhesive prior to the application of selfadhesive resin cement was able to establish a bonding even after thermal aging and even without air abrasion or sulfur acid application. On the other hand, application of a primer with acidic esters was not able to promote bonding between the substrate and the self-adhesive cement, but rather negatively interfered and hampered bonding efficacy despite the fact that the material contains methyl methacrylate (MMA) and dimethacrylate.
In this study, the specimens were tested initially or aged for 5,000 as well as for 10,000 cycles in a thermocycling machine, which corresponds to approximately 4-5-or 8-10-years period in vivo, respectively [23, 24] . Thermocycling means a repeated cycling between two temperatures (5 and 55°C) subject to an adequate dwell time (20 s) to ensure the thermal adjustment of the specimens without an exposure to extreme thermal stress [25] . Our measured bond strength results showed an effect only for plasma treated and further conditioned with Signum PEEK Bond groups, regardless of the used resin cements. Other studies also observed an impact of thermocycling on bond strength results [26, 27] . Although in vitro thermocycling subjects all specimens to standardized and reproducible stress, there is no systematic standard procedure for subjecting materials to cycling regimens at present. Thermal loading may lead to mechanical stress on the bonding area, causing volumetric changes. The failure type's analysis provided non differences in fracture modes depending on aging level. To conclude, plasma application was not able to allow for adequate bonding itself or to improve the bonding performance of the investigated materials. But more studies on this topic are required, since plasma deposition methods or coupling agents could be other possibilities to create adhesion sites for a successful establishment or improvement of a bonding between the PEEK substrate and resin materials.
